Results for the density profile for Yukawa molecules near a hard wall and an exponential attractive wall are presented for Grand Canonical Monte Carlo ͑GCMC͒ simulations, for the singlet hypernetted chain ͑HNC͒ integral equation and for a modified version of the Lovett-Mou-BuffWertheim ͑LMBW-1͒ which uses the exact contact value theorem. The results of the standard singlet HNC are quite poor. If the LMBW equation is modified ͑but still using the bulk direct correlation function͒ the results at high temperature become reasonable. However, the results at low temperatures, close to the bulk coexistence curve, are only a partial improvement. The contact value of the density profile is now quite good but the profile has the incorrect oscillatory behavior predicted by the unmodified approximate equation. The GCMC simulation results show a clear effect of drying at low temperatures.
I. INTRODUCTION
The calculation of the density profile of an inhomogeneous fluid, through the use of an integral equation, can be performed using either the singlet Ornstein-Zernike ͑OZ1͒ equation 1, 2 h͑z 1 ͒ϭc͑ z 1 ͒ϩ ͵ dr 2 h͑z 2 ͒c B ͑ R 12 ͒,
͑1.1͒
or the pair Ornstein-Zernike ͑OZ2͒ equation, 3 h͑r 12 ,z 1 ,z 2 ͒ϭc͑ r 12 ,z 1 ,z 2 ͒ ϩ ͵ dr 3 ͑z 3 ͒h͑ r 13 ,z 1 ,z 3 ͒c͑ r 23 ,z 2 ,z 3 ͒.
͑1.2͒
To yield a solution for either of the pair functions h(r 12 ,z 1 ,z 2 ) and c(r 12 ,z 1 ,z 2 ) or the singlet density profile, Eq. ͑1.2͒ must be supplemented by an additional relation between them. One useful relation is the Lovett-MouBuff-Wertheim ͑LMBW͒ relation 4 
͑1.3͒
In Eqs. ͑1.1͒ to ͑1.3͒, r i is the position of molecule i and R 12 ϭ͉r 1 Ϫr 2 ͉. Further, we have assumed for simplicity that the inhomogeneity is planar. Thus, z i is the perpendicular distance of molecule i from the wall that produces the inhomogeneity and r 12 ϭ͓R 12 Ϫ(z 1 Ϫz 2 ) 2 ͔ 1/2 is the projection of R 12 onto the plane of the inhomogeneity. The density profile is (z)ϭ͓h(z)ϩ1͔, where ϭ(ϱ) is the bulk fluid density. The functions h(z) and h(r 12 ,z 1 ,z 2 ) are the singlet and pair total correlation functions, respectively, and c(z) and c(r 12 ,z 1 ,z 2 ) are the singlet and pair direct correlation functions, respectively. The function c B (R 12 )ϭc(r 12 ,ϱ,ϱ), with z 1 Ϫz 2 finite, is the bulk pair direct correlation function which, in applications of Eq. ͑1.1͒, is assumed to be known. Finally V(z) is the external potential, ␤ϭ1/kT, k is Boltzmann constant and T the temperature.
To complete Eq. ͑1.1͒ or Eq. ͑1.2͒, a relation between h and c must be postulated. For Eq. ͑1.1͒ popular relations are the Percus-Yevick ͑PY͒ approximation 
II. HARD WALL/YUKAWA SYSTEM
We apply these integral equations to the Yukawa fluid of diameter near a hard wall
͑2.2͒
We use ϭ1.8 since for this value the Yukawa fluid simulates argon reasonably well. 6 The parameter ⑀ F is the depth of the fluid-fluid potential.
The Yukawa fluid pair potential does not appear in the OZ1 equation. All that is needed is the Yukawa fluid direct correlation function. It is particularly convenient to use the analytic MSA result, due to Waisman,
RϾ,

͑2.3͒
where ϭ 3 /6 and a,b and v are parameters which are defined implicitly and were obtained using the prescription of Ho "ye and Stell. 8 In particular, aϭ␤(‫ץ‬p/‫.)ץ‬ Some values of a, b , v and p/kT ͑energy route͒ are given in Table I for 3 ϭ0.7.
Using the HNC approximation, Eq. ͑1.1͒ becomes
where a hard wall, Eq. ͑2.2͒, has been assumed and
Since c B (R) is analytic, an analytic expression for
whereas the exact result is given by the contact value theorem for a hard wall
.4͒ is referred to as the singlet HNC ͑Ref. 9͒ or, when obtained through the direct method of Lozada-Cassou, 2 as the three point extension HNC. 10 It has been examined by several authors for hard spheres near hard walls. 1, 9, 10 This is the high temperature limit of the system considered here. They found that, for that system, the results for the density profile are at least quantitatively reasonable. This is not unexpected. Comparison of Eqs. ͑2.6͒ and ͑2.7͒, using the values given in Table I , shows that the agreement is fairly good at high temperatures.
Here we are interested in lower temperatures. We know that Eq. ͑2.4͒ is deficient since comparison of Eq. ͑2.6͒ and Eq. ͑2.7͒, using the results of Table I, shows that Eq. ͑2.4͒ will yield increasingly poor results near the contact, z 1 ϭ/2, as the temperature is decreased. However, a modified version of Eq. ͑2.4͒, which gives quite good results for the hard sphere/hard wall system, 9 can be obtained easily. For a hard wall, the LMBW relation, Eq. ͑1.3͒, becomes
where
We have already observed that if c(r 12 
.10͒ was proposed by Quintana et al. 9 who found it to give improved results for the hard sphere/hard wall system. One purpose of this paper is to investigate its utility for a fluid which has attractive forces.
Equation ͑2.10͒ need not be restricted to hard walls. If the wall has an attractive tail, for instance an exponential tail,
where V(z) is the external wall/fluid potential for zϾ /2. In which case the modified singlet HNC equation is
͑2.13͒
Since this equation is identical to the modified LMBW equation, Eq. ͑2.8͒ together with Eq. ͑2.12͒, when c(r 12 ,z 1 ,z 2 ) is replaced by c B (R 12 ), we shall refer to Eq. ͑2.13͒ as the LMBW-1 approximation.
III. RESULTS
The advantage of the Yukawa fluid is the existence of an analytic expression for c B (R 12 ). One disadvantage is the fact that there are no computer simulation results available for comparison. We have, therefore, carried out Grand Canonical Monte Carlo ͑GCMC͒ simulations for the system defined by the potential given in Eqs. ͑2.1͒ and ͑2.11͒.
The simulations were realized through alternating canonical and grand canonical Monte Carlo simulations [11] [12] [13] at constant temperature T, volume V and chemical potential . The excess chemical ex was obtained in the mean spherical approximation and checked by the Grand Canonical Monte Carlo simulations. Each complete canonical cycle was alternated with one attempt for the creation/destruction of one molecule. The usual canonical and Grand Canonical Monte Carlo simulations methods were applied.
The number of complete cycles used during the equilibration phase varied from 5 000 to 100 000 while the data were acquired during 100 000 or 200 000 cycles. The simulated systems were constituted by two parallel walls distant by 10. The remaining edges of the simulation box were both equal to 9. These dimensions were chosen larger than the distance where correlations are detected in the Yukawa systems so that we can accept that the surface structures on the walls distant by 10 are independent and equal to the structures that would be observed on infinitely distant walls. The usual periodic boundary conditions and minimum image conventions were applied in the directions parallel to the walls.
As expected, the results are very similar to those for a Lennard-Jones fluid near a wall studied by Plischke and Henderson 3 using the OZ2 equation, in the PY approximation and the simulations of Abraham 14 and Sullivan et al. 15 In Figs. ͑1͒ to ͑3͒ we show results for GCMC for a reduced density *ϭ0.7 and several values of the reduced temperature T*ϭkT/⑀ F close to, but above, the coexistence vapor-liquid curve. 16 In Fig. ͑1͒ we present the results for the FIG. 1. The reduced particle density profile for a Yukawa fluid near a hard wall, for a reduced temperature T*ϭ2.0. The filled dots are our GCMC results, the dashed ͑LMBW-0͒ and full lines ͑LMBW-1͒ are the unmodified and modified approximate LMBW integral equations, respectively. All the results are for a reduced bulk density *ϭ0.7. reduced density profiles, *(z) vs z/, for T*ϭ2. This temperature is high enough for the density profile to resemble the hard wall/hard sphere structure as obtained previously by Plischke and Henderson 16 and Quintana et al. 7 The GCMC results present strong oscillations and show that the particles are pushed against the wall.
As the temperature is reduced, as shown in Figs. ͑2͒ and ͑3͒ for T*ϭ1.25 and T*ϭ1.1, the oscillations become smaller and the curves become monotonic. Further, the contact value, (/2), decreases, as would be expected from Eq. ͑2.7͒, and the slope of the density profile at contact changes its sign, showing the effect of a drying transition. That is, the particles are pushed away from the hard wall. This effect is much the same as that reported for a Lennard-Jones fluid near a hard wall. 3, 14, 15 In Fig. ͑1͒ we also show the results for the LMBW equation, with the MSA c B (R). Here the original equation, Eq. ͑2.8͒ or equivalently Eq. ͑2.4͒, is labeled LMBW-0. The LMBW approximation, modified using the contact value theorem but still using the bulk MSA c B (R), Eq. ͑2.8͒ with Eq. ͑2.12͒ or equivalently Eq. ͑2.13͒, is labeled LMBW-1. At high temperatures, the results are identical to the earlier results. 9 That is, the high temperature LMBW-1 are quite reasonable. However, as shown in Fig. ͑1͒ for T*ϭ2.0, the high temperature profiles obtained using the unmodified equation LMBW-0, or equivalently the OZ1 HNC/MSA equation, are much too large at contact.
As we decrease the temperature, as shown in Fig. ͑2͒ for T*ϭ1.25 the unmodified equation retains its oscillatory behavior with much too high contact values, as compared to the GCMC data ͑filled circles͒ while the modified LMBW-1 equation becomes smoother in reasonable agreement with the GCMC data.
In Fig. ͑2͒ we compare the results for a hard wall, ⑀ W /⑀ F ϭ0, and an attractive wall with ⑀ W /⑀ F ϭ5 and the same range parameter ϭ1.8. As expected, we observe that, as the wall becomes attractive, the oscillations in the structure of the fluid are enhanced giving rise to the layering of the particles in the vicinity of the wall. The LMBW-1 modified equation still gives good agreement with the GCMC computer simulations, while the LMBW-0 unmodified equation gives a contact value almost twice the GCMC value.
For lower temperatures, approaching the liquid-vapor transition temperature, the discrepancy between both theories and the simulation data becomes important. As shown in Fig.  ͑3͒ , again the unmodified LMBW-0 results at contact are too large and the profile is highly oscillatory while they should be monotonic as predicted by the GCMC simulation. This incorrect behavior has already been observed by Sullivan et al. 15 and Plischke and Henderson 3 for Lennard-Jones molecules near a hard wall. The modified LMBW-1 results for (z) are a modest improvement in as much (/2) is small. The slope at contact changes from negative to positive values at a reduced temperature between 1 and 0.9. Regrettably, the LMBW-1 curves give the incorrect oscillatory behavior seen in the unmodified LMBW-0.
IV. SUMMARY
We have calculated (z) for a Yukawa fluid near a hard or a Yukawa wall from GCMC simulations and from the modified LMBW equation with the homogeneous direct correlation function replaced by c B (R 12 ). This latter approximate LMBW equation is a singlet theory closely related to the hypernetted chain approximation.
The results of this approximate LMBW equation, referred to as LMBW-1, are quite good at high temperatures for both hard and attractive walls but are only partially satisfactory at low temperatures in the vicinity of the liquidvapor fluid bulk transition. The contact value is good but the profile is oscillatory and not monotonic as expected and predicted by our GCMC simulation results.
When compared to the simulation data then, the modified LMBW equation appears in general to be a good improvement over the original unmodified approximate LMBW equation or, equivalently, the standard singlet OZ1 HNC integral equation.
We expect the modified LMBW equation to be satisfactory when used with the OZ2 relation since even with the unmodified equation the results are already quite good for Lennard-Jones molecules. 14, 18 
